: Genetic analysis of physiological indicators of drought tolerance in bread wheat using diallel technique. Vol 47, No. 1,[107][108][109][110][111][112][113][114][115][116][117][118] In order to study genetic architecture of physiological criteria of drought tolerance in wheat using different diallel techniques, an experiment was conducted on six bread wheat genotypes as parents and their 15 hybrids in a randomized complete block design with three replicates under rainfed conditions at the Research Farm of the Campus of Agriculture and Natural Resources, Razi University, Kermanshah, Iran during 2010-2011 cropping season. The results of analysis of variance showed significant differences between the genotypes for relative water content (RWC), relative chlorophyll content (RCC), chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Chl T) and proline concentration (PC). RWC, Chl T and PC exhibited significant differences for general combining ability, indicating the involvement of additive gene action in their inheritance. Moreover, as specific combining ability was not significant for all studied traits, hence these traits are predominantly controlled by additive gene action. Parent number one was the best general combiner for improvement of RWC, RCC and Chl b, while the best general combiner for improvement of Chl a, Chl T and PC was parent number five. Also, the best specific combination for improvement of RWC, RCC, Chl a, Chl b, Chl T and PC were the crosses 2×4, 1×2, 3×6, 1×6, 1×6 and 1×4, respectively indicating that parents of these crosses are genetically varied. Hayman and Morley-Jones analysis of variance revealed that the inheritance of RWC, Chl a, Chl b, and Chl T was mainly controlled by additive gene effects, while PC was controlled by both additive as well as dominance type of gene action.
INTRODUCTION
Bread wheat (Triticum aestivum L.) is one of the most important crops that is a staple food for more than one third of the world's population due to its high adaptation, several uses and high nutritive value. Wheat is mainly grown on rainfed lands of different regions of the world and Iran too, where wheat crop is usually sown as mono-crop and area under rainfed conditions is more than 60% of total area under wheat cultivation (NAJAFIAN, 2003) . In the west provinces of Iran such as Kermanshah, more than 80% of wheat cultivating area is rainfed, in which available moisture constitutes a primary limitation in wheat production. So, drought which is one of the most important abiotic stresses, cause a considerable reduction in plant productions each year in these regions (SHIRI et al., 2010) . Regarding to this subject, improvement of wheat production for drought tolerance is a major aim in plant breeding programs for rainfed conditions (FARSHADFAR et al., 2011b) .
One of the valuable solutions for crop production in these regions is developing drought tolerant genotypes. Genetic analysis of wheat yield has shown that kernel yield is a complex multi component character which various morphological and physiological traits with their own genetic systems contribute to it (FARSHADFAR et al., 2013) . More knowledge about physiological traits as the most attractive way to develop new genotypes (ARAUS et al., 2008) and the gene effects controlling the highly related traits to drought tolerance makes breeding programs for drought tolerance much more effective and successful. As kernel yield and drought tolerance are controlled at separate genetic loci (BLUM, 1983) , breeding should involve the identification of physiological traits responsible for drought resistance. Knowing about physiological adaptation to drought conditions has identified a number of drought tolerance characteristics with potential for genetic improvement of kernel yield under drought.
The most informative genetic knowledge in breeding programs are additive and dominance variance, gene effects and general and specific combining ability (GCA and SCA) which may provide practical information to breeders during the development of drought-tolerant genotypes (HASSAN et al., 2007; FARSHADFAR et al., 2008; MOHAMMADI et al., 2011; NOURI et al., 2011) . Combining ability analysis helps in the identification of parents with high GCA and parental combinations with high SCA. Based on combining ability analysis of different traits, higher SCA values refer to dominance gene effects and higher GCA effects indicate a greater role of additive gene effects controlling the traits. Epistatic gene effects may play an important role in the genetic of traits when both the GCA and SCA values are not significant (FEHR, 1993) .
Many researchers have reported the role of GCA and SCA effects for yield and yield components in wheat (SAMEENA et al., 2000; MAHMOOD and CHOWDHRY, 2000) . The estimation of additive and non-additive gene action through diallel technique could be useful in determining the possibility of commercial exploitation of heterosis and isolation of pure lines among the progenies of the desirable hybrids (STUBER, 1994) .
The all mentioned informative genetic knowledge is calculated by diallel method which is one of the several biometrical procedures available to plant breeders for evaluating and characterizing genetic variability existing in a crop species. The diallel cross designs and its various modifications are frequently used in plant breeding research to select inbred lines in hybrid development programs and to obtain information about genetic properties of parental lines or estimates of general combining ability (GCA), specific combining ability (SCA) and heritability (EL-MAGHRABY et al., 2005; IQBAL et al., 2007) . There are several methods that can be used for diallel analysis. The mostly used one is the GRIFFING (1959) methods, which partitions the total variance to GCA variance of parents and SCA variance of crosses. The main reasons that justify the widespread uses of the Griffing method are its generality, since the parents can be clones, pure lines, inbred lines, or populations of a self-pollinated, cross-pollinated or intermediate species, and the ease of analysis and interpretation (GRIFFING, 1959) . Morley -Jones extended the analysis of  variance of a full diallel table to a half diallel table (MORLEY-JONES , 1965) . The best-known methods for diallelic analysis are those developed by HAYMAN (1954) , exclusively for homozygous parents. The Hayman's method may include statistical and graphical analysis of array variances and covariances, and the estimation of a number of genetic parameters (SCHUELTER et al., 2010) .
The objectives of the present study were to estimate the heritability, GCA and SCA and the mode of gene actions controlling some related traits to drought tolerance using different diallel cross methods under rainfed conditions.
MATERIALS AND METHODS
Six bread wheat genotypes as parents and their 15 F1 hybrids listed in Table 1 were assessed in a randomized complete blocks design with three replicates under rainfed conditions at the Research Farm of the Campus of Agriculture and Natural Resources, Razi University, Kermanshah, Iran during 2010-2011 cropping season. The characteristics of the farm are latitude 47° 9_ N, longitude 34° 21_ E, altitude 1319 m above sea level, clay loam soil texture and 450-480 mm average annual precipitation. The rainfall at the cropping season of the experiment was 509.50 millimeter. Sowing was done by hand in plots with three rows, 2 m length and 0.25 m row spacing. The seeding rate was 170 seeds per m 2 for all plots. After physiological maturity stage, kernel yield was measured from 2 rows 1 m in length. Moreover, the following physiological traits were recorded from the rainfed conditions.
Relative water content (RWC): The fresh weight (FW) of five flag leaves (0.5 g) was weighed. Segments were then placed in distilled water for 4 h and reweighed to obtain turgor weight (TW). Thereafter, the leaf segments were oven dried for 48 h at 72°C and re-weighed to obtain dried weight (DW). RWC was calculated using the following formula (EGERT and TEVINI, 2002):
The chlorophyll content in the flag leaf was determined using a chlorophyll meter (SPAD-502, MINOLTA-Japan). Five flag leaves of each genotype at all plots were measured after anthesis stage. Three measurements at random locations in the middle of the flag leaf were made for each plant, and the average sample was used for analysis.
Chlorophyll Content (Chl a, Chl b, Chl T) : Chlorophyll content was determined in 99.5% methanol extract. After centrifugation (10000 rpm for 10 min) the absorbance was read spectrophotometrically at 665 and 650 nm. Total chlorophyll as well as chlorophyll a and b concentrations were calculated according to HIPKINS and BAKER (1986) formula: Chlorophyll a (µg/ml) = 16.5 × A665 -8.3 × A650 Chlorophyll b (µg/ml) = 33.8 × A650 -12.5 × A665 Total Chlorophyll (µ g/ml) = 25.8 × A650 + 4.0 × A665 Cell membrane stability (CMS): CMS was determined according to the method described by SULLIVAN (1972) . For this purpose, young leaves were selected at anthesis stage from each genotype and each replication. Twenty leaf discs (1 cm in diameter) were cut from leaves and washed with deionized water to remove the solution from the injured cells. For desiccation treatment, ten leaf discs were flooded in 10 ml of 30% PEG-6000 in test tubes for 24 h at 10 °C and for control treatment, after that leaf discs were flooded in distilled water. Then the leaf discs were washed with deionized water. Next, 10 ml of deionized water was added to tubes, and they were maintained for 24 h at 10 °C. After that, the conductivity of the solutions was determined. Finally, the tubes were boiled in a water bath for 30 min, cooled to room temperature, and the conductivity of the solutions was read again. CMS of leaf tissues was calculated using the following equation: CMS (%) = 100-[1-(1-T 1 /T 2 )/ (1-C 1 /C 2 ) ×100] T 1 and T 2 are the first and second (after boiling) measurements of the conductivity of solutions and C 1 and C 2 are the respective values for the controls.
Proline concentration (PC): Proline content was measured according to the method of BATES et al. (1973) during the grain filling period. Plant material (0.5 g) was grinded with 10 ml of 3% sulfosalicylic acid. The homogenate was filtered and 1 ml of glacial acetic acid and 1 ml acid ninhydrin reagent were added to a 1 ml of filtrate. Then the mixture was shaken by hand and incubated in boiling water bath for 1 h. After that, it was transferred to ice bath and warmed to room temperature. 2 ml toluene was added to the mixture and the upper toluene layer was measured at 520 nm using UV spectrophotometer. Proline concentration was determined using a calibration curve and expressed as µ mol. 
RESULTS AND DISCUSSION

Analysis of variance
Analysis of variance (Table 2 ) showed significant differences among genotypes for all studied traits except cell membrane stability (CMS) indicating the presence of genotypic variation, different responses of genotypes to water stress condition and possible selection of drought tolerant genotypes under water deficit. The development of any plant breeding program is dependent on the existence of genetic variability, the efficiency of selection and the expression of heterosis, and greatly dependent on the magnitude of genetic variability present in the plant population (SINGH and CHAUDHARY, 1999) . Diallel analysis was not done for cell membrane stability because there was no significant difference among genotypes for this trait (Table 2) . ns, * and **: Not significant, significant at the 5% and 1% probability levels, respectively. Means, in each column, followed by at least one letter in common are not significantly different at the 5% probability levelusing Duncan's Multiple Range Test.
Mean comparison of these traits are presented in Table 3 . Genotypes 7, 11, 20 and 13 had the highest ( X +δx) and genotypes 3, 16, 12 and 17 had the lowest ( X -δx) RWC, respectively. The highest ( X +δx) RCC were belonged to genotypes 7, 6 and 1, and genotypes 11, 12, 19 and 16 were the lowest ( X -δx). Genotypes 6 and 10 were the best and genotypes 13, 8, 15 and 16 were the worst based on Chl a, Chl b and Chl T. Genotypes 17 and 12 showed the highest ( X +δx) and Genotypes 4, 10 and 19 showed the lowest CMS ( X -δx), respectively. The maximum PC ( X +δx) was observed from genotypes 14, 21 and 3, and the minimum ( X -δx) was observed from genotypes 1, 8 and 16, respectively.
Griffing analysis of variance
Mean square of the genotypes was partitioned into general and specific combining abilities (GCA and SCA) and is presented in Table 4 . Mean square of GCA was significant for RWC, Chl T and PC indicating the involvement of additive gene action in their inheritance. As SCA was not significant for all studied traits, hence these traits are predominantly controlled by additive gene action. So, breeding methods which are correspond with additive gene action, should be used. According to TOPAL et al. (2004) , compared to other types of gene effects, highly additive gene effects for a specific trait will increase the success of selection for that trait. According to Table 4 , the ratio of MS GCA /MS SCA and Baker's ratio were not significant for any of studied traits. Nevertheless, the amount of Baker's ratio for RWC, Chl T and PC was closer to 1 (more than 0.8) that reveals additive effects play more significant roles.
Developing an efficient hybridization program as the duty of plant breeders essentially needs knowledge of the relative importance of additive and non-additive gene action. The concept of combining ability as a measure of gene action refers to the capacity or ability of a genotype to transmit superior performance to its crosses. Combining ability analysis helps in identifying superior parents and cross combination used in the breeding program (EL-MAGHRABY et al., 2005; SHIRI et al., 2010) . The value of an inbred line depends on its ability to produce superior hybrids in combination with other inbreds. Combining ability analysis helps in the evaluation of inbreds in terms of their genetic value, and in the selection of suitable parents for hybridization (GHASEMI CHAPI et al., 2008; MOHAMMADI et al., 2010) . Parent number one was the best general combiner for improvement of RWC, RCC and Chl b, while the best general combiner for improvement of Chl a, Chl T and PC was parent number five (Table 5) . Specific combining ability effects are presented in Table 6 . The best specific combination for improvement of RWC, RCC, Chl a, Chl b, Chl T and PC were the crosses 2×4, 1×2, 3×6, 1×6, 1×6 and 1×4, respectively indicating that parents of these crosses are genetically varied. 
Morley-Jones analysis of variance
In the present study, highly significant differences were observed for additive "a" effect for RWC, Chl a, Chl b, Chl T and PC in Morley-Jones method, while dominance "b" item was significant for PC (Table 7) indicating that the inheritance of RWC, Chl a, Chl b, and Chl T was mainly controlled by additive gene effects, while PC by both additive as well as dominance type of gene action. As "b 2 " and "b 3 " were not significant for all studied traits except PC, hence interallelic interaction (Epistasis) is not involved in their inheritance. Significant "b 2 " item for PC indicating imbalance of gene distribution for this trait. Moreover, it is revealing the asymmetry of gene distribution and H 1 >H 2 . Non-significant b 1 showed non-significant difference between average of parents and F 1 's, indicating absence of heterosis.
One of the most important advantages of Morley-Jones analysis of variance components is that it is free of the assumptions whether maternal or reciprocal effects are present or not and whether the parental lines are a fixed sample or a random sample of a population of inbred lines (FARSHADFAR et al., 2011b) . Here "a" signifies additive genetic variance in the absence of the b 2 item. If b 2 is significant, the "a" item will not measure additive variance unambiguously, but it will also be contaminated with non-additive variance. The b 1 item measures the mean deviations of the F 1 's from the mid-parental values and becomes significant when the dominance effects at various loci are predominantly in one direction. That is, there is a directional dominance effect. The absence of significance of this item in this case suggested an ambidirectional nature of dominance. The significance of the b 2 item indicated that the mean dominance deviation of the F 1 's from their mid-parental values differed significantly over the F 1 arrays and these arrays differ if some parents contain more dominant alleles than others, implying asymmetry of gene distribution (i.e. H 1 ≠H 2) (HAYMAN, 1954; FARSHADFAR et al., 2011a) . That is, some parents contain considerably more dominant alleles than others. The "b 3 " item tests residual dominance interaction coming from additive × additive, additive × dominance and dominance × dominance interaction effects that are not attributed to b 1 and b 2 and is unique to each F 1 . The b 3 is equivalent to specific combining ability variance. In breeding jargon estimation of items (a) and (b) amounts to estimation of general combining ability and specific combining ability, respectively (ROY, 2000) . According to MATHER and JINKS (1982) and SINGH and CHAUDHARY (1999) , "a" primarily tests the significance of the additive effects of the gene, while "b" tests the non-additive effects. 
Hayman numerical analysis
According to the Table 8 , the parameters H 1 and H 2 were significant for PC which confirms the existence of dominance in its inheritance. Difference between (H 1 -H 2 ) was positive for RWC, RCC, Chl a, Chl T and PC accordingly the frequency of dominant and recessive alleles over all the loci was not equal for these traits. The component "F" was not significant but positive for RCC, Chl a, Chl T and PC exhibiting that the distribution of alleles in the parents is unknown. The was greater than one for Chl a, Chl T and PC. Hence, overdominance is involved in the genetics of these traits, but this ratio was zero for RCC and Chl b which implies that type of dominance is unknown. This ratio was lesser than one for RWC.
Hayman graphical analysis
Graphic analysis was conducted to assess the genetic relationship among the parents. Graphic analysis of the mode of inheritance varied from additive to overdomince for the characters investigated. The position of regression line on Vr-Wr graph provides information about the average degree of dominance (SINGH and CHAUDHARY, 1999) . In this study, regarding to Table 7 , PC was mainly controlled by both additive and dominance gene effects. On the other hand, "b" item was not significant for any other traits. So, Hayman graphical analysis was done just for PC. Regression line passes below the origin cutting Wr axis in the negative region indicating the presence of over dominance (Figure 1) . Dispersion of parents around the regression line showed that parents 4 and 6 are close to the origin of the coordinate, and accordingly have more than 75% dominant genes, parents 1 and 2 have 50-75% of dominant genes, while parents 3 and 5 are far from the origin, therefore they have < 25% of dominant genes. 
